Long interspersed element-1 (LINE-1 or L1) retrotransposons encode two proteins (ORF1p and ORF2p) that contain activities required for conventional retrotransposition by a mechanism termed target-site primed reverse transcription. Previous experiments in XRCC4 or DNA protein kinase catalytic subunit-deficient CHO cell lines, which are defective for the nonhomologous endjoining DNA repair pathway, revealed an alternative endonuclease-independent (ENi) pathway for L1 retrotransposition. Interestingly, some ENi retrotransposition events in DNA protein kinase catalytic subunit-deficient cells are targeted to dysfunctional telomeres. Here we used an in vitro assay to detect L1 reverse transcriptase activity to demonstrate that wild-type or endonuclease-defective L1 ribonucleoprotein particles can use oligonucleotide adapters that mimic telomeric ends as primers to initiate the reverse transcription of L1 mRNA. Importantly, these ribonucleoprotein particles also contain a nuclease activity that can process the oligonucleotide adapters before the initiation of reverse transcription. Finally, we demonstrate that ORF1p is not strictly required for ENi retrotransposition at dysfunctional telomeres. Thus, these data further highlight similarities between the mechanism of ENi L1 retrotransposition and telomerase. L ong interspersed element-1 sequences (LINE-1s or L1s) are abundant non-long terminal repeat (non-LTR) retrotransposons that constitute approximately one-sixth (i.e., ≈17%) of human nuclear DNA (1). An estimated 80-100 full-length, retrotransposition competent L1s (RC-L1s) are present in a typical diploid human genome, and a small number, termed "hot L1s" exhibit high retrotransposition efficiencies in cultured human cells (2). Human RC-L1s are ≈6 kb (3, 4) and encode two proteins (ORF1p and ORF2p) required for retrotransposition (5). ORF1p is a 40-kDa protein (6) with RNA binding (7-12) and nucleic acid chaperone activities (13-15). ORF2p is a 150-kDa protein (16, 17) with endonuclease (EN) (18, 19) and reverse transcriptase (RT) (20, 21) activities.
Long interspersed element-1 (LINE-1 or L1) retrotransposons encode two proteins (ORF1p and ORF2p) that contain activities required for conventional retrotransposition by a mechanism termed target-site primed reverse transcription. Previous experiments in XRCC4 or DNA protein kinase catalytic subunit-deficient CHO cell lines, which are defective for the nonhomologous endjoining DNA repair pathway, revealed an alternative endonuclease-independent (ENi) pathway for L1 retrotransposition. Interestingly, some ENi retrotransposition events in DNA protein kinase catalytic subunit-deficient cells are targeted to dysfunctional telomeres. Here we used an in vitro assay to detect L1 reverse transcriptase activity to demonstrate that wild-type or endonuclease-defective L1 ribonucleoprotein particles can use oligonucleotide adapters that mimic telomeric ends as primers to initiate the reverse transcription of L1 mRNA. Importantly, these ribonucleoprotein particles also contain a nuclease activity that can process the oligonucleotide adapters before the initiation of reverse transcription. Finally, we demonstrate that ORF1p is not strictly required for ENi retrotransposition at dysfunctional telomeres. Thus, these data further highlight similarities between the mechanism of ENi L1 retrotransposition and telomerase.
L ong interspersed element-1 sequences (LINE-1s or L1s) are abundant non-long terminal repeat (non-LTR) retrotransposons that constitute approximately one-sixth (i.e., ≈17%) of human nuclear DNA (1). An estimated 80-100 full-length, retrotransposition competent L1s (RC-L1s) are present in a typical diploid human genome, and a small number, termed "hot L1s" exhibit high retrotransposition efficiencies in cultured human cells (2) . Human RC-L1s are ≈6 kb (3, 4) and encode two proteins (ORF1p and ORF2p) required for retrotransposition (5) . ORF1p is a 40-kDa protein (6) with RNA binding (7) (8) (9) (10) (11) (12) and nucleic acid chaperone activities (13) (14) (15) . ORF2p is a 150-kDa protein (16, 17) with endonuclease (EN) (18, 19) and reverse transcriptase (RT) (20, 21) activities.
The mobilization of RC-L1s can be mutagenic (22) ; germ line and, less often, somatic L1 insertions have led to ≈65 sporadic cases of disease in humans (reviewed in ref. 23 ). ORF1p and/or ORF2p also can act in trans to mobilize short interspersed elements [e.g., Alu (24) and SINE-VNTR-Alu (25) elements], certain noncoding RNAs [e.g., U6 snRNA and small nucleolar RNAs (24, (26) (27) (28) (29) ], and some cellular mRNAs, which leads to the formation of processed pseudogenes (30) (31) (32) . In total, these trans retrotransposition events account for at least an additional 10% of human DNA (1). Moreover, several recent studies have further demonstrated that L1-mediated retrotransposition events are responsible for a significant proportion of interindividual genetic variation in the human population (33) (34) (35) (36) (37) (38) (39) and may cause intraindividual variation in the mammalian nervous system (40, 41) . L1 retrotransposition likely occurs by a mechanism termed target-site primed reverse transcription (TPRT) (42) . Full-length human L1 mRNA is transcribed from an internal RNA polymerase II promoter located within its 5′ UTR (43, 44) and is exported to the cytoplasm. Upon translation, ORF1p and ORF2p exhibit cis-preference and bind their encoding mRNA (30, 32) to form a ribonucleoprotein particle (RNP) (7, 16, 45, 46) . Although ORF1p is relatively abundant in cytoplasmic RNPs (7, 45, 46) , the unconventional translation mechanism of human L1 ORF2 likely gives rise to fewer molecules of ORF2p per L1 mRNA (16, 47, 48) . The L1 RNP translocates into the nucleus by a process that can occur in the absence of nuclear envelope breakdown (49) . During TPRT, L1 EN makes a single-strand nick in genomic DNA at a loosely defined consensus site (5′-TTTT/A-3′), exposing a free 3′-OH group that the L1 RT can use to prime firststrand L1 cDNA synthesis (18, 50, 51) . Short regions of complementarity between single-stranded DNA at the target site and the L1 mRNA poly (A) tail may facilitate TPRT (52) . The processes of second-strand target site DNA cleavage and second-strand L1 cDNA synthesis remain enigmatic, although insight into these processes has been gained from the study of the R2 retrotransposon from Bombyx mori (53) . The end result of TPRT is the integration of an L1 at a new genomic location, which in most cases is flanked by variable length target-site duplications.
We previously characterized an unconventional endonucleaseindependent (ENi) L1 retrotransposition pathway in CHO cells that are defective for both the nonhomologous end-joining (NHEJ) DNA repair pathway and p53 function (54, 55) . The resultant ENi retrotransposition events generally do not integrate at an L1 EN consensus site and lack structural hallmarks associated with conventional L1 retrotransposition (55) . ENi retrotransposition events also are often 3′ truncated, sometimes contain cellular cDNAs at the L1/genomic DNA junction sequences, and can be associated with genomic deletions (55) . Remarkably, some ENi retrotransposition events in DNA protein kinase catalytic subunit (DNA-PKcs)-deficient V3 CHO cells occur at dysfunctional telomeres (56) . Here, we further examined the roles of L1 EN and ORF1p in ENi retrotransposition and have uncovered intriguing parallels between ENi retrotransposition and telomerase function. This article is a PNAS Direct Submission. 1 To whom correspondence may be addressed. E-mail: chongh@umich.edu or moranj@umich. edu.
Results
ENi Retrotransposition Occurs with Additional EN Active Site Mutants.
The L1-ORF2p amino terminus has homology to apurinic/ apyrimidinic endonucleases (APE) (18, 19, 57) . We previously demonstrated that L1s containing mutations in the EN active site (D205A or H230A) (58) were capable of ENi retrotransposition (55) . Here, we extended those analyses and assayed an additional active site mutant (D145A) (58) , as well as a mutant in a conserved EN residue (N14A) (18) for ENi retrotransposition (Fig.  1A and Fig. S1A ). Consistent with previous data, mutations in the ORF2p EN domain severely compromised L1 retrotransposition in NHEJ-competent CHO cells (AA8) and human HeLa cells (Fig. 1B and Fig. S1 B and C) (18, 55, 56, 59 ). In contrast, the N14A and D145A EN mutants retrotransposed in the DNA-PKcs-defective V3 CHO cell line at comparable levels to D205A and H230A EN mutants ( Fig. 1B and Fig. S1C ) (55) .
Previous experiments demonstrated that the L1.3 D205A EN mutant could integrate at dysfunctional telomeres in the V3 CHO cell line (56) . To test whether integration at dysfunctional telomeres is a general property of L1 EN mutants, we examined whether N14A, D145A, and H230A could integrate at dysfunctional telomeres. Genomic DNAs from clonal cell lines containing ENi retrotransposition events were isolated and subjected to a PCR/Southern blot assay to detect L1 integration events adjacent to telomeric repeat sequences ( Fig. 1C and Fig.  S2 ) (56) . Approximately 12-30% of N14A, D145A, and H230A ENi retrotransposition events could integrate adjacent to telomeric repeats ( Fig. 1C and Fig. S2 ). Characterization of the resultant PCR products that yielded a positive signal in the Southern blot assay revealed L1-specific sequences with variable length poly (A) tails followed by a series of complementary telomeric repeat sequences (5′-CCCTAA-3′) ( Fig. 1C and Table  S1 ). Notably, independent clones derived from the N14A mutant contained similar, short intervening sequences between the telomeric repeats and the L1 poly (A) sequence (Fig. S2B ). The identity of this intervening sequence requires further investigation, but its inclusion may reflect functional differences between mutations of the conserved N14 EN residue and the catalytic EN residues (D145, D205, and H230) (57) .
RT Activity of EN Mutants. During conventional L1 retrotransposition, L1 EN activity liberates a 3′-OH from genomic DNA to prime first-strand L1 cDNA synthesis (18, 42, 60) . Recently, our laboratory has developed an assay, termed LINE-1 element amplification protocol (LEAP), to examine aspects of L1 RT in vitro ( Fig. 2A ) (52) . We assayed wild-type L1.3 and the L1.3 EN mutants N14A, D145A, D205A, and H230A for LEAP activity using a poly-dT (T12) LEAP adapter. Consistent with previous studies, these EN mutants have LEAP activity (Fig. 2B ) (16, 52) despite being severely compromised for retrotransposition in NHEJ-competent cells ( Fig. 1B and Fig. S1 ). Sequencing confirmed that the cDNA products contained the 3′ end of the transfected L1, variable sized poly (A) tail, and the LEAP adapter (Fig. 2B ). As expected, the wild-type L1.3 RNP (JJ101) exhibited robust LEAP activity on the T12 adapter, whereas the L1.3/D702A (JJ105) RT mutant lacked LEAP activity (Fig. 2B) . Control Moloney murine leukemia virus (MMLV) RT-PCR reactions using RNA isolated from the L1 RNPs confirmed comparable levels of L1 and GAPDH mRNA in each RNP preparation (Fig. 2B) . The slightly lower amount of mRNA in the N14A RNP sample may account for weaker LEAP activity. However, characterization of LEAP products confirmed L1-specific cDNA synthesis in these reactions. These data confirm that detecting L1 RT activity in the LEAP assay does not depend on L1 EN activity (16, 52) .
We next used the LEAP assay to determine whether the L1 RT activity could extend a LEAP adapter sequence containing three telomeric repeats that end with two thymidines (Telo3+TT). Again, LEAP activity was detected from the wild-type (JJ101) and EN mutant (JJN14A, JJD145A, JJD205A, and JJH230A) derived RNP preparations but not from RT mutant (JJ105) RNPs (Fig. 2C) . Sequencing of the LEAP products revealed the expected variable length L1 poly (A) tail juxtaposed to perfect telomere repeat sequences, as previously observed in V3 CHO cells (Figs. 1C and 2C) (56) .
Processing Activity Is Associated with L1 Reverse Transcription. The two thymidines in the Telo3+TT LEAP adapter might improve the complementarity of the 5′-TTAGGG-3′ repeat to the L1 mRNA poly (A) tail, facilitating the reverse transcription of L1 mRNA. Thus, we tested whether the same L1 poly (A) tail/ telomere junction sequence could be formed using a LEAP adapter ending in a perfect telomere repeat (Telo3). LEAP activity on this adapter was not as robust as on the Telo3+TT adapter and yielded faint bands on the gel (Fig. 2D) ; however, product characterization revealed that the majority of events contained the expected L1 poly (A) tail/telomere junction sequence (Materials and Methods). Unexpectedly, the adapters (Fig. 2D) . Although we detected processing of the adapter in the LEAP reactions, we cannot discriminate whether at least one thymidine is from the adapter or reverse transcribed from the L1 poly (A) tail (Fig.  2D) . Unlike the in vivo telomeric ENi retrotransposition events, some LEAP products lacked L1 poly (A) tail/perfect telomere junction fragments (5′-A N CCCTAA-3′ vs. 5′-A N TAACCCTAA-3′; Figs. 1C and 2D) .
We next assayed LEAP activity on telomeric LEAP adapter sequences that represent a cohort of possible telomeric ends (Fig. S3) . The majority of LEAP products contained a perfect L1 poly (A) tail/telomere junction and revealed evidence for processing of the adapter. By comparison, no processing was observed with the LEAP adapter ending in "5′-TT-3′" (Fig. 2C) . These data suggest that L1 RNPs often process the telomere LEAP adapters before reverse transcription. We speculate that processing may facilitate optimal annealing of the adapter to the poly (A) tail of the L1 mRNA.
Processing of the telomere LEAP adapters suggests the presence of nucleolytic activity in crude L1 RNP preparations. Thus, we investigated whether this nuclease activity could process LEAP adapters that differed at their 3′ ends (Fig. 3A) . The T12+VN adapter ends in two variable nucleotides (V = A, C, or G and N = any nucleotide) (52) . Consistent with previous data, LEAP products generated with this adapter revealed that most products contain a combination of "VN" nucleotides embedded in the L1 poly (A) tail, which supports the hypothesis that L1 RT does not require terminal complementarity to initiate reverse transcription (Fig. 3 B and C) (52). However, some LEAP products from the T12+VN reactions did not contain the two variable nucleotides (Fig. 3C) , again suggesting that adapter processing could occur before the initiation of L1 reverse transcription (52) . As expected, control reactions revealed that MMLV-RT was only able to use nucleotides (VN = GT) that were complementary to the L1 mRNA/poly (A) junction as substrates to initiate reverse transcription (Fig. 3A) (52) .
To definitively test whether oligonucleotide adapters were being processed before their use as substrates in the LEAP reaction, we designed two adapters that have 3′ end modifications that would block DNA polymerization. The T4spacerP adapter has a three-carbon chain carbohydrate linker phosphorylated at its 3′ end. The T4AAddC adapter terminates in a dideoxycytidine. Removal of either the carbohydrate linker or the dideoxycytidine must occur before these adapters can be used as a primer in nucleotide polymerization reactions. RNPs derived from wild-type L1 (JJ101) and EN mutant L1s (JJD145A and JJD205A) displayed robust LEAP activity on both adapters (Fig.  3A) . Sequencing of the products confirmed that the adapters were processed before their use as substrates in the LEAP reaction (Fig. 3C) . Similarly, although the LEAP signal was weaker (52) . The L1 RNP contains L1 mRNA, ORF1p (in purple), and ORF2p (blue). ORF2p primes off of the LEAP adapter and reverse transcribes the L1 mRNA in the RT reaction (RT rxn). PCR using transfected L1-specific primers is used to amplify the L1 cDNA. (B) Top: LEAP activity of different L1-RNPs on the T12 adapter. Middle and Bottom: L1 RNA and GAPDH RNA, respectively, in each RNP sample amplified by MMLV-RT using the same T12 adapter. Subtle differences in LEAP activity among the EN mutants may be due to different stabilities of the ORF2p mutants (16, 52) . Sequences of the LEAP adapter (Upper) and LEAP products (Lower) are shown below the gel panels. Letters in red represent sequences generated by L1 RT. (C) Representative experiment showing LEAP activity on the Telo3+TT LEAP adapter. Sequences of the LEAP products are shown in the table. Characterization of the lower band in the gel showed L1 cDNAs that initiated upstream of the L1-poly (A) tail. (D) Representative experiment showing LEAP activity on the Telo3 LEAP adapter. Although LEAP products are faint, we were able to clone products for sequence analysis (Materials and Methods). The processed adapter sequences in these LEAP products and the number of clones containing these sequences are shown in the table. Bold red sequences represent LEAP products with perfect L1 poly (A)/telomere repeat junctions. Bold blue sequence represents LEAP products that were made with an unprocessed LEAP adapter, still giving rise to a perfect L1 poly (A) tail/telomere repeat junction. Black sequences represent LEAP products that have partial telomere sequences at the L1 poly (A) tail/telomere junction.
for JJN14A and JJH230A on the T4AAddC LEAP adapter, product characterization revealed processing of the LEAP adapter (Fig. 3C) . Notably, we were unable to clone LEAP products from the JJN14A and JJH230A RNPs on the T4spacerP LEAP adapter, which could reflect technical difficulties or differential sensitivities of the EN mutants to the nonnucleic acid structure of the 3′ end of the adapter and requires further investigation. As expected, MMLV-RT was not able to use either adapter for reverse transcription (Fig. 3A) . Thus, despite having mutations in the EN domain, the crude L1 RNP preparations contain a nuclease activity that can process the LEAP adapter. It remains unclear whether the nuclease activity is associated with the L1-encoded proteins or a cellular protein within the L1 RNP preparations (Discussion).
ORF1p Is Not Required for ENi Retrotransposition at Telomeres. To test whether L1 ORF1p is required for L1 integration at dysfunctional telomeres, we transfected parental AA8 and DNA-PKcs-deficient V3 CHO cells lines with an expression construct containing only L1 ORF2 and the neomycin phosphotransferase retrotransposition indicator cassette (AJ101 series; Fig. 4A) . Surprisingly, in this context, the wild-type and EN mutants could retrotranspose in the V3 cells, albeit at only 1.5-2.4% the efficiency of wild-type full-length L1.3 ( Fig. S4A compared with Fig. 1B and Fig. S1C ). As expected, the RT mutant could not retrotranspose in V3 cells, and the EN-deficient mutants could not retrotranspose in the parental AA8 CHO cell line or in HeLa cells (Fig. S4A and Fig. S1C ) (5) .
To confirm the above analyses, a full-length L1.3 construct with an ORF1p RR261-262AA double mutant (JBM105), which results in little to no detectable ORF1p in L1 RNPs (16, 45) , and a construct harboring the ORF1p double mutant as well as the H230A ORF2p EN mutation (JBM205) (Fig. 4B ) also were assayed for retrotransposition. Both JBM105 and JBM205 could retrotranspose at a low efficiency in the V3 cell line (3.4% and 5.4% of the level of L1.3, respectively) but could not retrotranspose in the parental AA8 CHO cell line (Fig. S4B and Fig. S1C ). PCR/Southern blot analysis revealed that only constructs that harbored the H230A mutation (AJH230A and JBM205) gave rise to retrotransposition events at dysfunctional telomeres (Fig. 4 and Fig. S4 C and D) . The retrotransposition events had perfect L1 poly (A) tail/telomere junctions ( Fig. 4 and Table S1 ). Notably, although these constructs retrotransposed at a lower efficiency than those containing a wildtype ORF1, a similar proportion (≈20-30%) of drug-resistant clones contained ENi retrotransposition events at dysfunctional telomeres. These data suggest that ORF1p is not strictly required for directing ENi L1 retrotransposition to dysfunctional telomeres.
Discussion
We previously found that ENi L1 retrotransposition may occur at endogenous DNA lesions or at dysfunctional telomeres in NHEJdefective CHO cells, which also are reported to be p53-defective (54) (55) (56) . The ENi retrotransposition events differ from canonical retrotransposition events and often lack L1 structural hallmarks. Here, we extended those analyses and further highlight similarities between the mechanism of ENi retrotransposition and telomerase activity.
An increasing body of evidence suggests that retrotransposons provide an alternative mechanism to maintain telomere structure in a variety of organisms. For example, Drosophila lacks a formal telomerase and relies on three retrotransposons (HetA, TART, and TAHRE) to maintain its telomeres (61) (62) (63) (64) (65) . Interestingly, TART and TAHRE have an apparent APE domain, suggesting that, unlike ENi L1 retrotransposition, this putative endonuclease may be important for telomere localization (66) .
More recently, terminal Penelope-like element (PLE) retrotransposons have been found at chromosomal ends in several organisms representing four kingdoms of life (67) (Fig. 5) . Like telomerase, terminal PLEs lack a canonical EN domain and have sequences within the 3′ end of their RNA that are complementary to telomere sequences of their respective organisms. However, terminal PLEs encode two ORFs, and it has been suggested that ORF1p may be important for directing them to telomere ends (68) .
We determined that ORF1p is not strictly required for ENi L1 retrotransposition at dysfunctional telomeres in V3 CHO cells. Although the ENi retrotransposition efficiency of constructs that either lack ORF1 or contain debilitating missense mutations in ORF1 is reduced compared with EN mutant constructs that contain a functional ORF1p, the relative proportion of ENi integration events at dysfunctional telomeres occurs at similar efficiencies (e.g., compare Fig. 1C with Fig. 4 ). These data suggest that activities contained within ORF2p are sufficient to direct ENi L1 retrotransposition to dysfunctional telomeres, although the presence of ORF1p clearly enhances the efficiency of ENi retrotransposition. It will be interesting to determine whether ORF1p from terminal PLEs functions in a similar manner to L1 ORF1p in this regard.
We also identified a nuclease activity in crude L1 RNPs that can process oligonucleotide LEAP adapters before their use as substrates for L1 reverse transcription. Whether this nuclease is encoded by L1 or is associated with a cellular protein contained within L1 RNPs requires additional study. However, previous studies suggest that a nuclease activity associated with the L1 RT domain may be important for TPRT (60) . Similarly, although telomerase lacks an apparent EN domain, it is associated with a nuclease activity that can process telomeric adapter sequences before their use as substrates for telomere addition (69) (70) (71) . It is tempting to speculate that the occult L1 nuclease activity may process dysfunctional telomeres in vivo before they can serve as substrates for ENi retrotransposition. Indeed, such an activity could explain why we observe perfect L1 poly (A)/telomere junctions associated with ENi retrotransposition events in V3 CHO cells.
There are striking similarities between the ENi L1 retrotransposition pathway and the action of telomerase (Fig. 5) . L1 ORF2p and telomerase are both RTs that are prebound to a specific RNA, require a free 3′-OH for reverse transcription, are associated with a noncanonical nuclease activity, and can prime reverse transcription from telomeric ends (72) (73) (74) (75) . Interestingly, telomerase can also apparently reverse transcribe telomere RNA to internal chromosomal sites (75) , suggesting that telomerase can "retrotranspose" its associated RNA to new chromosomal locations. Telomerase also may bind other mRNAs (76) .
ENi retrotransposition is most easily observed in p53-deficient NHEJ-deficient CHO cells. Clearly, ENi retrotransposition is not a preferred L1 retrotransposition pathway. Instead, we likely have serendipitously identified an experimental model whereby we can efficiently detect this alternative mode of L1 retrotransposition. We propose that ENi retrotransposition may reflect an ancestral pathway of retrotransposition associated with non-LTR retrotransposons before the acquisition of a canonical EN domain and may be considered as a type of RNA-mediated DNA repair (Fig. 5) (55, 67, 68, 77 ). It will be interesting to determine whether host cellular proteins interact with the ENi L1 retrotransposition machinery to target it to areas of disrepair and/or dysfunctional telomeres. Certainly, the emerging body of data emphasizes the importance of RNA in DNA maintenance and the evolving roles of reverse transcriptases.
Materials and Methods
Cell Lines. HeLa cells were maintained in high-glucose DMEM (Invitrogen) with 10% FBS, 100 U/mL penicillin-streptomycin, and 0.29 mg/mL L-glutamine. AA8 and V3 CHO cell lines were maintained in low-glucose DMEM (Invitrogen) with 10% FBS, 100 U/mL penicillin-streptomycin, 0.29 mg/mL Lglutamine, and 0.1 mM nonessential amino acids. Cell lines were maintained at 37°C with 7% CO 2 .
Plasmid Constructs. The recombinant plasmids used here contain L1.3 (accession no. L19088) DNA cloned into pCEP4 (Invitrogen). L1 plasmids contain either the neomycin phosphotransferase indicator cassette (mneoI) or the blasticidin deaminase indicator cassette (mblastI).
The plasmid pJM102/L1.3 was previously described (55) . The plasmid pJJ101/L1.3 is similar to pJM101/L1.3 (78) but contains the mblastI cassette in the 3′ UTR. pJJ105/L1.3 is identical to pJJ101/L1.3 but contains a missense mutation (D702A) in the ORF2p RT domain. The pJJN14A/L1.3, pJJD145A/L1.3, pJJD205A/L1.3, and pJJH230A/L1.3 plasmids are identical to pJJ101/L1.3 but contain an N14A, D145A, D205A, and H230A mutation, respectively, in the ORF2p EN domain. The above mutations also were made in pAJ101/L1.3, which lacks ORF1 and contains an mneoI cassette.
The plasmid pJBM101/L1.3 is similar to pJJ101/L1.3 except it contains a T7 epitope tag on ORF1p. pJBM105/L1.3 is identical to pJBM101/L1.3 but contains two missense mutations R261A/R262A in ORF1p. pJBM205/L1.3 is identical to pJBM105/L1.3 but contains a missense mutation (H230A) in the ORF2p EN domain.
Cultured Cell Retrotransposition Assay. The cultured cell retrotransposition assay was previously described (59) and is detailed in SI Materials and Methods.
Telomere-L1 Southern Blot Analysis. CHO cells were transfected for the cultured cell retrotransposition assay as previously described (55) , and the telomere-L1 Southern blot analysis is detailed in SI Materials and Methods.
LEAP Assay. The LEAP assay was previously described (52) and is detailed in SI Materials and Methods. Sequences of the adapters are noted in Figs. 2 and 3 and are shown in detail in SI Materials and Methods. Fig. 5 . Model of EN-independent retrotransposition at telomere ends: The model builds on that put forth by Curcio and Belfort (68) . Retrotransposons with intact EN domains, such as LINE-1 and PLEs, can retrotranspose to internal genomic locations (conventional retrotransposition). L1s can also integrate at preexisting genomic lesions using an exposed 3′-OH for reverse transcription (unconventional retrotransposition). These retrotransposition events lack structural hallmarks, such as target-site duplications. Only retrotransposons without a canonical EN domain (L1 EN mutants and terminal PLEs) are restricted to retrotransposing to preexisting free 3′-OH groups and/ or telomeric ends. Thick arrows denote a major retrotransposition pathway. Thin arrows represent a less common retrotransposition pathway. Dashed arrows represent unconfirmed retrotransposition events.
